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ABSTRACT 
This report summarizes a study to determine the ultimate 
strength and drift behavior of composite steel-concrete assemblages. 
The composite assemblages simulate the behavior of a story in an un- 
braced multistory frame. The study is based on tests of two full- 
scale composite assemblages. One assemblage had a solid slab, the 
other a slab with formed steel deck. Each assemblage consisted of 
three steel columns and two composite steel concrete beams forming two 
equal bays of 4.57 m (180 in.) and a story height of 3.05 m (120 in.). 
A36 steel and normal weight concrete were used. In each test the 
gravity loads applied to the beams were maintained constant as drift 
increments were given to the assemblage. The assemblages were designed 
So that plastic hinges would form in the composite beams. 
The load-drift behavior of both assemblages was predicted by an 
elastic-plastic frame analysis. The initial stiffness was obtained by 
a finite element analysis which included the effect of slab cracking, 
the flexibility of the shear connection and a gap between the slab and 
the leeward column flange. The plastic moment of the composite beam- 
to-column connection was determined by using a concrete compressive 
stress of 1.3 f * over the column flange width. The experimental load- 
drift behavior of both composite assemblages was in good agreement 
with the predicted behavior. 
The test results showed an increase in stiffness of the compos- 
ite assemblages of about 50% and an increase in ultimate strength up 
to 707. compared with a steel assemblage. 
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1.  INTRODUCTION 
1.1 Background 
It is common practice In the design of multistory frames for 
the floor system to participate in resisting gravity loads by com- 
posite action between the steel beam and the concrete slab. Wind 
loads, however, are still carried by the steel frame alone. Taking 
into account the composite action of the floor slabs in unbraced 
multistory frames would mean that higher strength and lower drift 
were possible. Conversely, composite frames would require less steel 
than steel frames. 
An experimental pilot study showed that considerable increase 
in strength and stiffness existed at a composite beam-to-column con- 
nection^ '. In AISI Project 173 a detailed parametric study of com- 
posite beam-to-column connections under positive end moments was un- 
(2 3) dertaken '  . The study included twenty connection tests. The ulti- 
mate strength of the connection tests could be closely predicted by a 
lower bound analysis based on the theory of plasticity. The connec- 
tion tests also indicated that more than adequate ductility was avail- 
able to include composite frames into plastic design. An investiga- 
tion of composite connections with concrete encased columns subjected 
to negative moments was reported in Ref. 4. 
For the preliminary plastic design of unbraced multistory steel 
frames the sway subassemblage method was developed  . The method was 
then experimentally confirmed in AISI Project 150 by tests of two full 
scale one-story steel assemblages under combined gravity and wind 
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(5 6) loads V * . In Ref. 7 the sway subassemblage method was extended to 
include composite frames. An analytical method to obtain complete se- 
cond-order load-drift curves of unbraced composite frames was devel- 
oped. As a continuing step in this research program on unbraced 
frames two composite one-story assemblages comparable to the steel as- 
semblages of A IS I Project 150 were tested under gravity and wind load 
in order to experimentally verify the method of analysis developed in 
Ref. 7. This report presents the results of this experimental inves- 
tigation. 
1.2 Scope and Objectives 
The experimental part of the investigation consists of tests to 
ultimate strength of two composite one-story assemblages. The test 
variable is the type of composite slab. The other characteristics are 
the same for both assemblages. 
The investigation also includes a theoretical analysis of the 
drift and ultimate strength behavior of composite assemblages. The 
drift analysis is an extension of the finite element analysis of Ref. 
7 to include formed steel deck slabs.  It also includes the effect of 
cracking of the concrete slab, flexible shear connection and shrinkage 
gaps at the column flanges. The ultimate strength analysis is based 
oh the investigation reported in Ref. 3. The objective is to verify 
the applicability of this method of analysis to predict the behavior 
of composite assemblages and to demonstrate the increased strength and 
stiffness of composite frames. 
The study is limited to composite assemblages with symmetric 
slabs and static loading. The assemblages have steel column and steel 
beams with a concrete slab. Headed stud shear connectors are used for 
the shear connection. 
1.3 Plan of Treatment 
The test program includes a composite steel-concrete assemblage 
with a solid concrete slab and one with a concrete slab on formed 
steel deck with the ribs running transverse to the steel beam. The 
composite assemblages are designed so that plastic hinges form in the 
composite beams thus simulating the behavior of a story in the lower 
part of an unbraced multistory frame. 
The steel frame of one assemblage is tested in its elastic 
range before pouring the concrete slab. Both composite assemblages 
are then tested to ultimate strength under gravity and wind loads. 
Gravity loads are applied to the beams and maintained constant during 
testing. The lateral drift is gradually incremented to beyond the ul- 
timate load. The increase in initial stiffness due to composite action 
is obtained by comparison of the results from the steel frame alone and 
the composite assemblage tests. 
To determine the increase in strength due to composite action a 
reliable ultimate strength prediction of the steel frame alone has to 
be obtained. A simple beam test is performed to determined the plastic 
moment capacity of the beams of the steel frame.  Based on this result 
the ultimate strength of the steel frame alone is accurately predict- 
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ed, and compared to the composite assemblage test results. 
The theoretical analysis developed in this study is applied to 
predict the load-drift behavior of the two composite assemblages. Ex- 
perimental results are then compared with the predicted values. 
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« DESCRIPTION OF ASSEMBLAGES 
2.1 General 
Composite assemblages CA-1 and CA-2 consist of three steel 
columns and two steel-concrete composite beams forming two equal bays 
of 4.57 m (180 in.) and a story height of 3.05 m (120 in.) as shown in 
Figs. 1 and 2. The column shapes are W8x28 for the exterior columns 
and W8x48 for the center column. The two composite beams consist of a 
W10xl9 steel beam and a 2.03 (80 in.) wide reinforced concrete slab. 
All steel sections are oriented for strong axis bending and are A36 
steel. 
The two assemblages differ in the type of slab. Composite 
assemblage CA-1 has a 89 mm (3% in.) thick solid slab as shown in 
Fig. 3. One row of 64x16 mm (2% x 5/8 in.) headed stud shear connec- 
tors spaced at 153 mm (6 in.) is used for the shear connection. Com- 
posite assemblage CA-2 has a 102 mm (4 in.) thick slab on a 64 mm 
(1% in.) formed steel deck with the ribs running transverse to the 
axis of the beam as shown in Fig. 4. Inland Ryerson type S steel deck 
was selected which is one of the standard types in commercial use. 
One row of 76x19 mm (3 x 3/4 in.) headed stud shear connectors spaced 
at 153 mm (6 in.) is used for the shear connection. This corresponds 
to one connector in every rib of the deck. Figure 5 shows a detailed 
view of the leeward side of the beam-to-column connections of CA-2. A 
small area of the deck in front of the leeward column flange was cut 
out to provide full depth of concrete.  The required dimensions of this 
area were studied in Refs. 2 and 3. 
The slab reinforcement of CA-1 consists of a top and a bottom 
layer while CA-2 has only a top layer. The top reinforcement of CA-1 
and CA-2 is shown in Fig. 6; the bottom reinforcement of CA-1 is shown 
in Fig. 7. Table 1 summarizes the characteristics of composite assem- 
blages CA-1 and CA-2. 
2.2 Design 
Since the ultimate strength behavior of the composite beams of 
the assemblages is one of the main objectives of this investigation 
the beam and column sizes had to be selected so that plastic hinges 
would form in the composite beams. This means that relatively strong 
columns were-required which remain elastic up to ultimate load. This 
kind of plastic hinge pattern would be found in the lower stories of 
an unbraced multistory frame. A composite assemblage with expected 
plastic hinge locations in the columns, simulating a story near the 
top of a multistory frame, was not considered because its ultimate 
strength would not differ from a steel assemblage^ . 
In order to facilitate some comparison of results and the use of 
the same test equipment the story and bay dimensions of the steel as- 
semblages of AISI Project 150 were maintained^  .. Unlike the tests of 
AISI Project 150 gravity loads were applied only to the beams and not 
to the columns. Column axial loads were not included in this investi- 
gation for the following reasons:  1) the resulting test setup and 
loading procedure are greatly simplified, 2) the composite beam beha- 
vior is the same regardless of whether the beam moments are due to a 
combination of lateral load plus PA moments or to lateral load moments 
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alone, 3) as column axial loads increase, the ultimate lateral load 
and thus the accuracy of measurement Is reduced, and 4) In Ref. 6, it 
was found that the distribution of the gravity loads to the columns 
has a significant effect on the load drift behavior of an assemblage 
only if plastic hinges occur in the columns. 
Figure 8 shows the statical system of CA-1 and CA-2 together 
with the applied loads and the expected plastic hinge locations. Fi- 
gure 9 shows the moment diagrams at the predicted ultimate load and 
the plastic moment envelopes of assemblage CA-1 and CA-2. The plastic 
moment envelopes were calculated based on the assumptions discussed in 
Chapter 7. The column moments at ultimate load do not exceed about 
75% of the plastic moment. Both assemblages are designed to have 
nearly the same ultimate load. 
The longitudinal slab reinforcement was selected so that the 
plastic hinge on the windward side of the center column (plastic hinge 
location 2 in Fig. 8) would form at a higher lateral load than the 
plastic hinge at the leeward exterior column (plastic hinge location 
1). 
The transverse slab reinforcement was spaced closer on the 
leeward side of the columns (Fig. 6). The concentrated compressive 
force acting on the slab at the leeward column flange causes trans- 
verse tension stresses. The design recommendations given in Ref. 8 
for the similar case of an anchor force of a prestressing cable were 
applied to determine the transverse reinforcement. 
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The shear connectors were designed for full composite action 
to ensure that the full plastic moments of the composite sections 
could be developed and to avoid a premature shear failure. The nega- 
tive moment region on the windward side of the center column required 
the closest connector spacing. This spacing was used over the full 
length of the beams. For assemblage CA-1 with a solid slab the connec- 
ts tor capacity given in the AISC Specifications was usedv . For assem- 
blage CA-2 with a formed steel deck slab the connector capacity given 
by AISC was reduced as recommended in Ref. 10. 
The slab detail in front of the leeward column flanges of CA-2 
(Fig. 5) was designed as recommended in Ref. 3. Premature spalling of 
the concrete was anticipated with the ribs in the transverse direc- 
tion. For this reason the full slab thickness was provided for a 
short distance in front of the column flange. The length of this zone 
was taken as twice the slab thickness based on the failure mechanism 
discussed in Refs. 2 and 3. 
2.3 Fabrication and Construction 
The steel members were fabricated by the Bethlehem Contracting 
Company in Bath, Pennsylvania. The beams were delivered to the labor- 
atory with the connectors welded in position. The connectors of the 
beams with formed steel deck were welded through the deck as is stan- 
dard practice. 
First the three columns were placed on their pinned supports and 
temporarily attached to the supporting frame. Then the beams and top 
struts were lightly bolted to the columns. Schematic views of the 
test setup are shown in Figs. 10 and 11. Each column and beam was 
aligned in the correct position with a plumb line and a carpenter's 
level and all bolts tightened. Figure 12 shows the steel frame of 
CA-2 aligned and ready for welding. After completion of the alignment 
the beams were welded to the columns. 
In the case of CA-1 the slab formwork was now constructed. The 
formwork was supported on the beams of the assemblage and on the sur- 
rounding framework. After the rebars were laid out the slab was 
poured using a ready-mixed concrete as shown in Fig. 13. The formwork 
was stripped after the 7 day concrete cylinder tests showed that the 
concrete had obtained sufficient strength. Then assemblage CA-1 was 
instrumented and, with the connection of the loading jacks, assemblage 
CA-1 was ready for the composite assemblage test. 
After welding of assemblage CA-2 the steel members were instru- 
mented and the loading jacks connected for the initial steel assem- 
blage test. Following the steel assemblage test a formwork to support 
the edges of the steel deck was constructed in the zero drift position 
of the assemblage. Then the rebars were laid out and the slab poured 
as was done for CA-1. After stripping of the formwork only the slab 
had to be instrumented in preparation for the composite assemblage v 
test. 
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3. PROPERTIES OF ASSEMBLAGES 
3.1 Tensile Coupon Tests 
Table 2 shows the mechanical properties of the W10xl9 A36 steel 
beam determined by standard tensile tests. The coupons were machined 
from an additional section coming from the same heat of steel as the 
beams for the two assemblages. A total of 7 coupons were taken: 3 
from the web and 2 from each flange. No tensile coupon tests were per- 
formed on the column shapes. Since the columns remained in the elastic 
range during the assemblage tests, it was not necessary to determine 
their complete stress-strain relationship. 
3.2 Cross Section Properties of Steel Shapes 
The cross section dimensions of each shape were measured at 
different locations along the length of the members. Table 3 shows 
the average cross section properties of each shape together with the 
corresponding handbook values. 
3.3 Plastic Moment Capacity of W10xl9 Beam 
A 3.66 m (144 in.) long W10xl9 beam coming from the same heat 
of steel as the beams of the assemblages was tested in simple bending 
to determine its plastic moment capacity. The test setup is shown in 
Fig. 14. The beam was laterally braced to prevent lateral buckling. 
The experimental load-deflection curve and two elastic-plastic predic- 
tion curves are plotted in Fig. 15. Prediction 1) is based on hand- 
book cross section properties and the nominal yield strength a   = 250 
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MPa (36 ksi). Prediction 2) is based on the measured cross section 
properties and the yield strength obtained from the tensile coupon 
tests. The experimental load-deflection behavior is in good agreement 
with prediction 2) which corresponds to an increase of the plastic 
moment of 12% with respect to the nominal value. The experimental 
value of the plastic moment M » 98.9 kNm (815 kip-in.) was used to 
predict the ultimate strength of the steel frame of the assemblages 
CA-1 and CA-2. 
3.4 Slab Reinforcement 
The slab reinforcement of both assemblages consisted of #3 re- 
bars. The results of two rebar tension tests are reported in Table 4. 
The nominal value of the yield strength was 276 MPa (40 ksi). 
3.5 Slab Concrete 
A normal weight ready-mix concrete with a specified 28 day cotn- 
pressive strength f * of 21 MPa (3000 psi) was used for both assem- 
blages. The maximum grain size of the aggregates was limited to 8 mm 
(% in.). The concrete properties were checked by standard 152 mm (6 
in.) diameter cylinder tests. Eight cylinders were cast at the same 
time as the slab of each assemblage.  The concrete properties of CA-1 
are given in Table 5; those of CA-2 are given in Table 6. 
The cylinders used to determine the compressive strength were 
tested according to ASTM C39. Two cylinders were tested after 7 days 
to check the strength prior to stripping the formwork. Four cylinders 
were tested at 28 days which coincided with the test day of each 
12 
_ composite assemblages. Two of them were moist cured, the other two 
J 
were cured on the test floor under the same conditions as the slabs of 
the assemblages. The results showed nearly no influence of the curing 
conditions on the compressive strength. 
The concrete tensile strength was obtained from splitting cyl- 
inder tests as described in ASTM C496. 
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4.  INSTRUMENTATION AND TEST PROCEDURE 
4.1 Instrumentation 
The instrumentation used in the tests provided data to calcu- 
late the applied loads, determine deformations and to calculate the 
internal stress resultants of the assemblages. 
Figure 16 shows the instrumentation of the steel frames. Four 
electrical resistance strain gages, 12 mm (0.48 in.) long, were used 
at each instrumented cross section, two on each flange. Five cross 
sections were gaged on each beam and each column was gaged above and 
below the beam-to-column connection. The instrumented beam cross sec- 
tions were placed between stud connectors to minimize the influence of 
the concentrated connector force on the strain readings. 
Scales were used to measure the west column drift and the beam 
deflection as shown in Fig. 17. Horizontal deflection readings were 
taken with a transit, veritcal deflections with a level. Dial gages 
were used to measure the horizontal movements of the column bases at 
pin level. The rotations of the three beam-to-column connection were 
measured with rotation gages. 
Calibrated load cells were used to measure all applied loads. 
The two top struts were gaged with a full bridge hookup and calibrated 
before mounting between the column tops.  Figure 18 shows one strut in 
a Fritz Laboratory testing machine during calibration.  In addition to 
their role as structural connecting elements, the struts also serve as 
load cells to determine the lateral load distribution over the three 
columns of the assemblages.      ., 
Figures 19 and 20 show the location of the strain gages on the 
concrete slab. Three cross sections in the positive moment regions on 
the leeward side of the columns were gaged with 25 mm (1 in.) rosettes 
and linear gages. An effort was made not to place the slab gaged dir- 
ectly above rebars of the top reinforcing layer. 
The longitudinal top rebars were gaged in the negative moment 
region adjacent to the center column (Fig. 19). Foil gages, 13 mm 
(% in.) long, protected with a shrinkable plastic tubing were used as 
shown in Fig. 21. 
4.2 Test Setup 
The overall view of the test setup used for the two assemblage 
tests is shown in Figs. 22 and 23. The test assemblage is shown in 
white. The darker members are part of the supporting frame and the 
testing equipment. 
Vertical beam loads were applied approximately at the quarter 
points of each beam through a spreader beam which was attached at its 
midpoint to a gravity load simulator as shown in Fig. 24   . Tension 
dynamometers (load cells) were used to connect the spreader beam to the 
test specimen and also to measure the applied loads. 
Horizontal load was applied by a hydraulic jack attached to the 
supporting frame and connected by a load cell to the top of the east 
column as shown in Fig. 25. The column tops were connected together 
by a pinned strut designed to maintain a nearly constant distance 
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between the three column tops. The column bases were supported on pin 
bearings. 
A specially designed lateral bracing prevented lateral movement 
of the test specimen but did not restrain any In-plane movement . 
Each column was braced at the top and at beam level. No lateral brac- 
ing was needed for the top flange of the beam since the concrete slab 
served as bracing. The bottom flange of the beams had to be braced in 
the negative moment region on the windward side of the columns to pre- 
vent lateral buckling (Fig. 10). 
4.3 Test Procedure 
Assemblage CA-2 was tested first. The test program was divided 
into the following two phases: 
1. Initial Steel Assemblage Test 
Before pouring the concrete slab the steel frame of CA-2 was 
tested to determine its elastic drift behavior. Half the gravity 
loads were applied first; then the lateral load was gradually increas- 
ed to a maximum which was determined so that the resulting bending mo- 
ment did not exceed 807. of the elastic moment capacity of any cross 
section of the assemblage. 
2. Composite Assemblage Test 
Twenty-eight days after pouring the concrete slab composite 
assemblage CA-2 was tested to ultimate strength. First a lateral load 
of 45 kN (10 kips) was applied in two load steps; then the full gravi- 
ty loads were applied. This load sequence was used to ensure that the 
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struts did not buckle. From this stage the lateral load was gradually 
incremented. At each Increment the gravity loads were adjusted to 
their specified constant value before strain and deflection readings 
were taken. When yielding was evident in the assemblage the readings 
were taken after a waiting period of about 20-30 minutes in order to 
allow the yielding process to stop. Once the lateral load came close 
to the predicted ultimate load drift increments instead of load incre- 
ments were applied until the jack ran out of stroke. 
The test procedure of assemblage CA-1 was simplified insofar as 
only the composite assemblage test was carried out. Since both assem- 
blages had identical steel members, the initial steel assemblage test 
was not repeated for CA-1. Composite assemblage CA-1 was tested 28 
days after pouring the concrete slab. This time the full gravity 
loads were applied in the zero drift position and then the lateral 
load gradually incremented as described for the composite assemblage 
test of CA-2. This load sequence was possible for CA-1 as the test of 
CA-2 showed that the struts were able to carry a larger compressive 
force than originally anticipated. 
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5. RESULTS OF ASSEMBLAGE TESTS 
5.1 Initial Steel Assemblage Teat 
The experimental lateral load versus drift behavior of the 
steel frame of CA-2 Is shown by the solid line In Fig. 26. The total 
lateral load is plotted as a function of the lower half-story drift mea- 
sured at the windward exterior column. The test was terminated at a 
maximum lateral load of 49 kN (11 kips) before any yielding of the 
steel members took place. The dashed line in Fig. 26 is a linear elas- 
tic prediction curve based on measured material properties. 
As mentioned in Art. 4.3 only one initial steel assemblage test 
was performed. An identical behavior of the steel frame of the second 
assemblage was anticipcated. 
5.2 Composite Assemblage Test CA-1 
The experimental lateral load versus drift behavior of compo- 
site assemblage CA-1 is shown in Fig. 27. The figure also contains an 
elastic-plastic prediction curve for the composite assemblage and for 
the steel assemblage.  Location and sequence of formation of plastic 
hinges are shown for both prediction curves. Plastic hinges adjacent 
to the columns were assumed to form at the face of a column. The pre- 
diction curve for the .composite assemblage was obtained by analysis of 
an equivalent frame having constant beam stiffness and the initial 
drift characteristic determined by the finite element analysis 4 dis- 
cussed in Art. 6.4. The moment capacity at the different plastic 
hinge locations were determined as explained in Chapter 7. Actual 
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material properties were used. The prediction curve for the steel 
assemblage is based on the results of the beam test reported in art. 
3.3. 
Specific developments which occurred during testing are also 
indicated in Fig. 27. These are: 
Point A: First yielding in top and bottom flange of beam at the 
leeward column and in the bottom flange at the windward 
side of the center column (plastic hinge locations 1 **>d 
2). 
Point B: Yielding extends into web at hinge locations 1 and 2. 
Point C: Spalling of concrete adjacent to the leeward flange of 
the center column (plastic hinge location 3). 
Point D:  Spalling of concrete at windward column (plastic hinge 
location 4).  Local buckling of bottom flange and web at 
plastic hinge location 3. End of test. 
The deflections of the assemblage at three stages of the test 
are shown in Fig. 28. The columns remained nearly straight. The beam 
deflections became only noticeable at the last load steps. 
Figures 29 and 30 show the failure surfaces in the concrete . 
slab at the leeward column face at the end of testing. The same wedge 
shaped failure surfaces were observed in the composite connection tests 
of Refs. 2 and 3. The black lines in Figs. 29 and 30 show where 
cracking in the concrete slab occurred. The numbers indicate the lat- 
eral load in kips when a crack was first noticed. Figure 31 shows the 
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cracking pattern in the negative moment region on the windward side of 
the center column. The zero load cracks shown in these figures were 
shrinkage cracks detected before testing. 
Figure 32 shows the yielding in the steel beam at plastic hinge 
location 1 (Fig. 8). A nearly symmetrical extent of yielding in top 
and bottom flange indicates no composite action at this location. Fi- 
gure 33 shows the yielding at the windward side of the center column 
at plastic hinge location 2 (Fig. 8). Start of local buckling of the 
bottom flange and the web can also be seen. 
5.3 Composite Assemblage Test CA-2 
Figure 34 shows the experimental, lateral load versus drift be- 
havior of composite assemblage CA-2. Also shown are an elastic-plas- 
tic prediction curve for the composite assemblage and the steel assem- 
blage. The steel assemblage curve CA-2 is identical with the curve . 
for CA-1 in Fig. 27. The composite assemblage curve CA-2 takes into 
account the effect of the slab on formed metal deck as discussed in 
Chapters 6 and 7. 
Specific developments which occurred during testing were (Fig. 
34): 
Point A:  Initial slab cracking in negative moment region on wind- 
ward side of center column. 
Point B: Yielding in bottom flange of beam at leeward and center 
column (plastic hinge locations 1 and 2) 
Point C:  The windward exterior (west) beam-to-column connection 
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fractured at a lateral load of 178 kN (40 kips). The 
fracture started in the heat affected zone of the bottom 
flange weld of the beam and progressed into the web weld 
as shown in Fig. 35. No deflection and strain readings 
could be taken. 
Point D: The assemblage stabilized at a lateral load of 149 kN 
(33.5 kips). Spalling of concrete was observed at the 
leeward flange of the center and windward column (plastic 
hinge locations 3 and 4). 
Point E: The assemblage was unloaded and the bottom flange re- 
welded to the column. 
Point F: Maximum load after weld repair. 
Point 6:  End of test. 
The deflections of the assemblage at three stages of the test 
are shown in Fig. 36. The deflected shapes of CA-2 are very similar 
to CA-1. A view of CA-2 after testing is shown in Fig. 37. The re- 
maining inelastic deformations of the slab are well noticeable. 
Figures 38 and 39 show the failure surfaces in the concrete 
slab at the leeward column face. The crushing of the concrete exposed 
the reinforcement. The slab cracking in the negative moment region on 
the windward side of the center column is shown in Fig. 40. No shrink- 
age cracks were found before testing. 
Figure 41 shows the yielding on both sides of the center column. 
Plastic hinge location 2 is shown on the left side; plastic hinge 
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location 3 on the right side of the column. In Fig. 42 the yielding 
J '''■'■ ■ - ' 
•^ at the west column is shown (plastic hinge location 2). The repaired 
bottom flange weld can also be seen. 
J 
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6. DRIFT ANALYSIS OF ASSEMBLAGES 
6.1 Introduction 
The drift at service load is an important characteristic and 
design criteria of multistory frames.  In this chapter a finite ele- 
ment model for drift analysis of composite frames is presented. The 
model is then applied to predict the drift behavior of composite as- 
semblages CA-1 and CA-2. 
In Ref. 7 a specialized finite element program for the analysis 
of composite frames was developed. But this program had certain limi- 
tations with respect to boundary and loading conditions. More recent- 
(12) ly general-purpose finite element programs like SAP IVV 7 were devel- 
oped which are easily available. With program SAP IV it was possible 
to accurately model the specific boundary conditions of composite as- 
semblages CA-1 and CA-2 and to include slabs with formed steel deck. 
A similar application of the finite element method to the ana- 
lysis of composite floor systems was reported in Ref. 13. This method 
did not, however, consider cracking of the concrete slab or the flexi- 
bility of the shear connection. Those factors are included in this 
study. 
The finite element analysis is limited to the initial drift be- 
havior before any plastification occurs. Therefore, the usual assump- 
tions' of linear elastic material behavior can be made. The complete 
load-drift behavior of the composite assemblages is obtained by an 
elastic-plastic analysis of an equivalent frame with constant beam 
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stiffness sod the sane Initial drift behavior as the finite eleaent 
model. A nonlinear analysis by the finite element method is not 
attempted because computer costs are excessive. 
6.2 Finite Element Model of Composite System 
The composite beam and slab system was dlscretlzed using the 
(12) finite element types available in the computer program SAP IVv  . A 
number of different discretizations were investigated and the one 
adopted which represented an optimum in computation time, preparation 
of input data and accuracy. A schematic view of the selected model is 
shown in Fig. 43. Only one half of the structure is dlscretlzed since 
the structure is assumed to be symmetric with respect to the beam axis 
and only load cases symmetrical to this axis are considered. 
6.2.1 Slab 
The slab (Fig. 43) is represented by a network of quadrilateral 
thin plate elements with combined bending and membrane stiffness. As 
alternative methods of discretization of the slab thick shell elements 
or plane stress membrane elements could be used. The use of thick 
shell elements results in a very substantial increase in the computa- 
tion time with only a minimal improvement of the accuracy. This me- 
thod was therefore discarded in favor of the discretization with thin 
plate bending elements. 
The use of plane stress membrane elements reduces the computa- 
tional effort, but also neglects the contribution of the slab bending 
to the story stiffness. The relative Importance of the slab bending 
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depends mainly on the ratio t/dof the • lab thickness (t) to the bean 
depth (d) of the composite system. In the case of composite assemblage 
CA-1 with a relatively large t/d ratio the slab bending was found to 
increase the story stiffness about 5%. For composite systems with 
deeper steel beams a plane stress model for the slab would be satis- 
factory. There would be a saving in computation time with only a 
small reduction in accuracy. 
Slabs with formed metal deck are modeled by plate bending ele- 
ments of uniform thickness equal to the slab thickness above the rib. 
The concrete in the ribs and the metal deck itself are neglected. 
6.2.2 Beams and Columns 
The steel beams and columns (Fig. 43) are modeled by lines of 
beam elements. The use of plane stress elements to model web and 
flanges of the beam shapes complicates the preparation of the input 
data and is only justified if local stresses are of concern.  It does 
not improve the accuracy of the drift analysis. 
6.2.3 Shear Connection 
The shear connection (Fig. 43) is modeled by a row of vertical 
beam elements linking the beam axis to the midsurface of the slab. The 
task of the linkage elements is twofold:  1) they model the eccentri- 
city of the beam with respect to the slab and 2) they model the load- 
slip relationship of the shear connectors.  In Ref. 14 the load-slip 
relationship of shear connectors in solid slabs was determined from 
tests on pushout specimens. The initial tangent stiffness of one stud 
shear connector, K , was found to be 
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K - 1.57 a/f ■ E    units in MPa, N, and mm 
c       c c c 
K - 40 aVf' E     units in kips and inches 
C       C  C  C 
where a * area of a shear connector, f * compressive strength of 
c c 
concrete, E • modulus of elasticity of concrete. 
A review of pushout tests with slabs on formed steel deck'  *  * 
17) gave a large scatter of connector stiffnesses. For lack of a con- 
clusive value of the connector stiffness for slabs with formed steel 
deck the same value as for solid slabs was used. This overestimates 
the stiffness of composite floor systems with formed steel deck, but is 
partially compensated by neglecting the slab ribs in the finite element 
model which has plate elements of uniform thickness. 
The leeward column flange is an important element in transmit- 
ting forces between concrete slab and steel frame and can be consider- 
ed as a large shear connector.  It is modeled by L-shaped rigid beam 
elements connected to the column, as shown in Fig. 43. 
6.3 Determination of Mesh Size 
To determine the optimal mesh size for the analysis of the 
composite assemblages a convergence study with three different mesh 
sizes was undertaken. Only one quarter of an assemblage consisting of 
a column and half of a beam was analyzed. This reduction of the size 
of the structure was possible because a point of contraflexure could 
be assumed at midspan under wind loading alone. 
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. Figure 44 shows an elevation and a plan view of the finite ele- 
ment discretisation with the intermediate mesh size. Also shown is 
the applied load at the beam column joint. A moment was applied 
rather than a horizontal force because the drift due to a moment de- 
pends only on the stiffness of the composite beam end not the column. 
Figure 45 shows a comparison of the drift obtained by three 
models with different mesh sizes and the same loading. The drift in- 
dex is plotted as function of the total number of degrees of freedom 
of each model. The difference in drift between the intermediate mesh 
(Point I) and the fine mesh (Point F) is only about 1% even though the 
number of degrees of freedom was more than doubled. It was therefore 
concluded that the intermediate mesh is sufficiently accurate for the 
composite assemblage analyses. 
6.4 Drift Prediction for Composite Assemblages CA-1 and CA-2 
, Figure 46 shows a plan and elevation view of the finite element 
discretization used for composite assemblages CA-1 and CA-2. 
Only one half of an assemblage is discretized for reason of 
symmetry as explained in Art. 6.2. The model was further simplified 
by horizontally cutting the assemblage above the slab. This greatly reduces 
the bandwidth of the stiffness matrix and consequently the computation 
time and avoids an ill conditioning of the stiffness matrix. The 
column stress resultants at the cut due to a lateral unit load were 
determined by analyzing an equivalent frame with constant beam stiff- 
ness and the same drift characteristic as the finite element model. 
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The results of the equivalent frame analysis were then used as load 
input for the finite element analysis. This lateral load distribution 
vas confirmed by the results of the composite assemblage tests. 
The following three parameters were Investigated in the drift 
analysis:  1) cracking of the concrete slab, 2) flexibility of the 
shear connectors and 3) gap at the leeward column flange. 
The cracking of the slab was taken into account by modifying 
the material properties of the slab elements which are in tension under 
combined gravity and wind load. The modulus of elasticity of concrete 
was replaced by an equivalent modulus for the cracked section E - pE, 
where p = reinforcement ratio and E « modulus of elasticity of rein- 
forcement  . 
To show the influence of the flexibility of the shear connec- 
tion three analyses with different stiffnesses of the connector ele- 
ments were carried out:  1) very stiff to simulate a rigid shear con- 
nection, 2) the stiffness given in Art. 6.2.3 for the actual connector 
spacing of CA-1 and CA-2, 3) one half of the stiffness of 2 correspon- 
ding to a doubling of the connector spacing. 
The effect of a gap between the slab and the leeward column 
flange is shown by comparison of the drift of a model having very 
stiff and very flexible column flange elements. A gap between slab 
and column flange may arise from shrinkage of the concrete slab and 
from negative gravity load moments. The gap at the leeward flange 
gradually closes under increasing lateral load and affects only the 
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drift at snail loads. The gap at the windward flange is opening 
up with increasing load. 
The results of the drift analyses of CA-1 and CA-2 are given 
in Table 7. Six different analyses were carried out to show the effect 
of slab cracking, the connector flexibility and a gap between slab and 
the leeward column flange. In Figs. 47 and 48 the load-drift curves 
of CA-1 and CA-2 are plotted for three different cases. The numbers 
of the load-drift curves correspond to the analyses numbers in Table 7. 
Analysis 1 assumes no slab cracking and rigid shear connection. Analy- 
sis 4 assumes slab cracking and flexible shear connection. And analy- 
sis 6 considers slab cracking, flexible shear connection and a gap at 
the leeward column flanges. The load-drift curve of the steel frame 
alone is also shown to point out the increase in stiffness due to com- 
posite action. 
Table 8 shows the relative importance of slab cracking, connec- 
tor flexibility and a gap at the leeward column flanges. Slab crack- 
ing and a gap at the leeward column flange are the most important fac- 
tors. Slab cracking increases the drift of CA-1 by 14% and the drift 
of CA-2 by 17% compared with an uncracked slab. A gap between slab 
and leeward column flange increases the drift of CA-1 and CA-2 by 15%. 
The flexibility of the shear connectors has only a small influence on 
the drift behavior.  The drift was increased by 2% compared with rigid 
shear connection. A doubling of the connector spacing also increased 
the drift only by 2% compared with normal spaced flexible connectors. 
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6.5 Comparison with Effective Width Method 
In the concept of effective width the theoretical stress dis- 
tribution of the slab is converted into a statically equivalent con- 
stant stress distribution of corresponding width. The usefulness of 
the effective width concept lies in the assumption that the effective 
width is constant along the span. Even though the effective width la 
based on an equivalence of stress and is primarily used for strength 
calculations it can also be used for stiffness calculations. The 
rules in various codes and specifications for calculating effective 
width are listed in Ref. 18. 
In the case of composite assemblages CA-1 and CA-2 the AISC 
Specifications    give an effective width equal to <t/4, where t.  is 
the span of the beam. The recommendations of the European Concrete 
Committee (CEB) relate the effective width to the distance between 
points of zero moment (t  ) rather than the span length. The effective 
width is given equal to I  /4. For continuous beams -t can be taken as 
e e 
0.7 .t<18>. 
Table 9 shows the results of the drift analyses of CA-1 and 
CA-2 by the effective width method. Effective widths of £/4 = 1.14 m 
(45 in.) and I  /4 - 0.60 m (31.5 in.) were used. The 307. difference 
between these two values produced only a 4% change of the drift. Also 
given in Table 9 is the result of the finite element analysis with 
flexible shear connection and slab cracking. The drift obtained by 
the finite element method fell in between the two results of the effec- 
tive width method with a maximum difference of 3%. 
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The finite element model of CA-1 and CA-2 assumed free edges 
of the concrete slab. However, the effective width formulas given 
above assume a continuous slab over several beams.In this case the 
restrained transverse deformations increase the stiffness of the com- 
posite system. A finite element analysis with modified boundary con- 
ditions simulating a continuous slab showed a drift decrease of only 
0.4% compared with a slab with free edges. 
Composite assemblages CA-1 and CA-2 have a relatively small 
slab width. Increasing the slab width while keeping the span length 
constant would decrease the drift, but the drift prediction by "the 
effective width method would remain unchanged since the effective 
width depends on the span length only. Consequently, the effective 
width method gives a conservative estimate of the drift behavior. 
6.6 Application of the Finite Element Model to a Composite System 
Having Partial Shear Connection 
Tests of composite beams with a low degree of partial shear 
connection showed a significant loss of stiffness compared with com- 
(19) plete interaction.  In Supplement No. 3 of the AISC Specificationv ' 
this loss of stiffness is taken into account by defining an effective 
moment of inertia, I __, for deflection computations: 
/v 
I « - I + J-TT" (Ifc "I ) eff   s  V V.   tr s 
where I = moment of inertia of steel beam 
s 
I  = moment of inertia of the transformed composite section 
tr 
V, = total horizontal shear to be resisted between the point of h 
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maximum moment and points of zero moment for full composite 
action 
V ' - total allowable horizontal shear of all connectors between 
the point of maximum moment and points of zero moment. 
This relationship overestimates the stiffness of composite 
beams with full composite action but provides a good approximation for 
partial shear connection. 
This investigation did not include composite assemblages with 
partial shear connection. Composite assemblages CA-1 and CA-2 were 
designed for full composite action for ultimate strength reasons. In 
order to show that the finite element model discussed in Art. 6.2 can 
also be used to predict the stiffness of composite systems having par- 
tial shear connections the beam 1C1 from the test program reported In 
Ref. 10 was analyzed. The beam had a formed steel deck and a partial 
shear connection of 30%. 
In Fig. 49 the experimental load-deflection curve of beam 1C1 
of Ref. 10 in the working load range is shown together with three pre- 
diction curves based on 1) complete interaction, 2) effective moment 
of inertia, I ff and 3) finite element analysis. The finite element 
prediction comes very close to the I ,.. prediction and is in good 
agreement with the test results. Consequently, the finite element 
model discussed in Art. 6.2 can also be applied to composite systems 
having partial shear connection. 
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7. ULTIMATE STRENGTH ANALYSIS OF COMPOSITE ASSEMBLAGES 
7.1 Introduction 
Figure SO shows a composite one-story assemblage under combined 
gravity and wind loads. To determine the ultimate strength of the 
assemblage the plastic moment of any cross section of the composite 
beams and columns must be known. The plastic moment of a composite 
beam section will depend on the sign of the bending moment and the 
location in the assemblage. 
Figure 51 shows a typical bending moment diagram of a one-story 
assemblage under gravity and wind load. In this case it has been 
assumed that the wind load is large enough to produce positive bending 
moments adjacent to the leeward side of the columns. Such a bending 
moment distribution will determine five regions of different ultimate 
strength behavior of composite beams  : 
Region 1 - An interior region under positive bending moment 
Region 2 - A positive bending moment region between region 1 and 
the leeward side of the windward exterior column 
Region 3 - A positive bending moment region between region 1 and 
the leeward side of an interior column 
Region 4 - A negative moment region between region 1 and the 
windward side of an interior column 
Region 5 - A negative moment region between region 1 and the 
windward side of the leeward exterior column. 
The ultimate strength behavior in each of these five regions will be 
discussed in the following articles. The columns are not included in 
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this discussion, as their ultimate strength behavior is not different 
from columns of steel assemblages. 
7.2 Composite Beam In Interior Positive Moment Region 
Region 1 (Fig. 51) does not differ from similar positive moment 
regions of composite beams subjected only to gravity loads. The ul- 
timate moment capacity is determined by plastification of the steel and 
by crushing of the concrete over the full slab width*'  . 
The two possible stress distributions at maximum moment are 
shown in Fig. 52. The plastic neutral axis is assumed to be in the 
slab in case a and in the steel beam in case b.  In both cases the 
maximum concrete compressive stress is taken as 0.85 f and the stress 
in the steel beam is equal to the yield stress f   . For slabs with 
formed steel deck the thickness of the compression block may not ex- 
ceed the slab thickness above the ribs. 
7.3 Composite Beam In Negative Moment Region 
Figure 53 shows the stress distribution at maximum moment in 
region 4. Only the reinforcement is assumed to be effective in resis- 
ting tensile forces in the slab. The maximum tensile force in the 
slab is therefore equal to A f  where A = total area of longitudi- 
r yr      r 
nal reinforcement in the slab and f  = yield stress of reinforcement. 
yr 




In region 5 the full tensile force A f  in the slab cannot 
r yr 
be developed because the slab has a free edge of its leeward end and 
no forces act between the slab and the leeward exterior column. At 
the leeward limit of region 5 the slab force is zero and the maximum 
moment of that section is conservatively equal to the plastic moment 
of the steel beam alone. 
7.4 Composite Connection at Exterior Columns 
At the windward boundary of region 2 the maximum moment is 
determined by plastification of the steel beam and crushing of the 
concrete slab over the column flange width. 
Figure 54 shows the assumed stress field if the plastic neutral 
axis passes through the steel beam. The investigation reported in 
Refs. 2 and 3 showed that 1.3 f is a lower bound for the maximum com- 
c 
pressive stress acting on the slab. The maximum stress can be in- 
creased from 0.85 f in the span to 1.3 f* at the connection providing 
sufficient slab width is present to provide adequate lateral confine- 
ment. 
In the case of slabs on formed steel deck connection tests 
showed a decrease in ultimate strength compared with solid slabs of 
(3) 
equal thicknessv  . The assumed lower bound stress field was modified 
insofar as the thickness of the compressive zone may not exceed the 
slab thickness above the ribs as shown in Fig. 55. The same maximum 
concrete stress of 1.3 f* as for solid slabs is assumed. 
c 
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At the leeward boundary of region 2 the maximum moment reaches 
the plastic moment capacity of the full composite section (Art. 7.2). 
In Ref. 7 a method was developed to determine the variation of the 
plastic moment capacity in region 2 as a function of the shear connec- 
tion and transverse slab reinforcement. 
7.5 Composite Connection at Interior Columns 
Figure 56 shows the maximum slab forces of the leeward side of 
an interior column (region 3). Between the column flange and the slab 
a maximum force of 1.3 f ' B x acts as at an exterior column, where 
c  c 
B = column flange width and x = thickness of the compression zone in 
the slab.  For solid slabs x must be less than or equal to the slab 
thickness t. For slabs with formed steel deck x must be less than or 
equal to the thickness above the rib t-h, where h * rib height of the 
formed steel deck. Unlike the exterior connection a tension force 
acts in the longitudinal slab reinforcement. The reinforcement is as- 
sumed to have yielded in tension. The maximum tensile force in the 
slab is therefore equal to A f    The stress distribution of the com- 
posite section at the leeward column flange is shown in Fig. 57. The 
resultant maximum slab force is equal to 1.3 f ' B x-A f  . An 
c  c     r yr 
equilibrium condition of the composite section requires that the maxi- 
mum force in the slab must be less than or equal to the yield force of 
the steel beam. This implies that 
1.3f'Bx-Af<Af 
c  c     r yr — s y 
where A = cross section area of the steel beam. This relationship 
36 
p-. determines the position of the plastic neutral axis, which is shown 
in the steel beam in Fig. 57. 
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8. ANALYSIS OF TEST RESULTS 
8.1 Ultimate Strength of CA-1 and CA-2 
The experimental load-drift curves for composite assemblages 
CA-1 and CA-2 are shown In Figs. 27 and 34, respectively. Also shown 
are the prediction curves with numbered circles indicating formation 
of plastic hinges. The values of the plastic moments were determined 
according to Chapter 7. The predicted locations and sequence of for- 
mation of the plastic hinges were confirmed by the test results. 
The experimental and predicted ultimate load capacity of CA-1 
and CA-2 are compared in Table 10. Both attained a higher ultimate 
load than predicted. However, had the flange weld not fractured at 
178 kN (40 kips) (Art. 5.3) CA-2 would have attained an even higher 
ultimate load. 
The ultimate strength of the assemblages depends on the moment 
capacity of the plastic hinges necessary to produce a mechanism. The 
experimental moment at each location plastic hinge location as a func- 
tion of the drift is shown in Figs. 58 and 59. Also shown are the 
predicted plastic moments as dashed horizontal lines. The predicted 
plastic moment M _ at the leeward side of the center column of CA-1 
P3 
is only slightly higher than the plastic moment M . of the steel beam 
alone as shown in Fig. 58.  This comes from the fact that the ultimate 
longitudinal force in the slab reinforcement is nearly equal to the 
ultimate slab force at the leeward flange of the center column. The 
resultant slab force on a cross section near the leeward column flange 
(Figs. 56 and 57) is therefore nearly zero and the plastic moment of 
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the steel bean ia not increased due to composite action. Only the 
plastic moment M - on the windward side of the center column of CA-1 
benefits from the composite action. In the case of CA-2 the rebar 
force is smaller and consequently the plastic moment M 3 is greater 
than the plastic moment of the steel beam as shown in Fig. 59. 
In Fig. 59 point A indicates the last load step where strain 
readings were taken before the weld fracture. Point D shows the read- 
ing after weld fracture and point E shows the beginning of reloading 
after weld repair. The moment M, is not shown after weld repair be- 
cause of the uncertainty of the effect of residual stresses caused by 
repair welding at the location of M, itself. 
Table 11 shows the experimental and predicted maximum moment at 
each plastic hinge location. With the exception of M, in assemblage 
CA-2, all experimental moments attained at least the predicted value. 
From the shape of the M, moment curve in Fig. 59 it can be concluded 
that M, would also have attained the predicted value had no weld frac- 
ture occurred. The maximum strength over predicted strength ratios of 
the composite sections are comparable to those obtained in Ref. 3. The 
assumption of the concrete stress of 1.3 f ' in contact with the column 
flange is therefore confirmed as a lower bound. The plastic hinges M. 
showed a significant increase of their moment capacity due to strain 
hardening in a zone of high moment gradient. 
Compared with the steel assemblage composite assemblage CA-1 
had an increase in ultimate strength of 71% and CA-2 an increase of 
53%. 
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8.2 Drift Behavior 
8.2.1 Steel Assemblage 
Experimental and theoretical load-drift behavior of the Initial 
steel assemblage test of CA-2 are shown in Fig. 26. The experimental 
and the prediction curve are in very good agreement. The steel assem- 
blage was about 5% more flexible than predicted. 
8.2.2 Composite Assemblages CA-1 and CA-2 
The complete load-drift behavior of composite assemblages CA-1 
and CA-2 are shown in Figs. 27 and 34 together with the prediction 
curves. The initial slope of the prediction curves is obtained by the 
relationship(20) 
a        f  h 
where S » second order lateral stiffness 
s 
S - first order lateral stiffness obtained from the finite 
element model with flexible shear connection and slab 
cracking (Analysis 4 in Art. 6.4) 
EP = sum of the gravity loads 
h = story height. 
Since gravity loads are applied only to the beams the second order 
stiffness is only about 2% smaller than the first order stiffness. The 
experimental curves for CA-1 and CA-2 follow the prediction curves 
closely up to a lateral load of about 90 kN (20 kips) then the assem- 
blages become more flexible than predicted. 
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A more detailed analysis of the initial drift behavior of CA-1 
is given in Table 12. The experimental drift from 0-45 kN (0-10 kips) 
was about 20X greater than from 45-90 kN (10-20 kips). This is ex- 
plained by the formation of a gap at the leeward flange of the columns 
under gravity load which was closed once the lateral load reached 45 
kN (10 kips). The moment curves M_ and M, which change sign at a 
drift corresponding to a lateral load of about 45 kN (10 kips) confirm 
this explanation (Fig. 58). The experimental drift from 0-45 kN 
(0-10 kips) is therefore compared with the result of the finite element 
model with a gap at the leeward column flange (Analysis 6 in Art. 6.4). 
The drift from 45-90 kN (10-20 kips) is compared with the finite ele- 
ment model having no gap at the leeward column flange (Analysis 4 in 
Art. 6.4). Both models predict a slightly too stiff drift behavior. 
Table 13 shows the initial drift behavior of CA-2 for the load 
steps 0-45 kN (0-10 kips) and 45-90 kN (10-20 kips). Since the gravid 
ty load of CA-2 was applied at a lateral load level of 45 kN (10 kips) 
c'    ■ 
a gap at the leeward column flanges did not form. Therefore, the 
finite element model without a gap at the leeward column flange (Ana- 
lysis 4) is used for the drift prediction of both load steps. The 
drift prediction is in very good agreement with the experimental be- 
havior for the load step 0-45 kN (0-10 kips) while the prediction for 
the load step 45-90 kN (10-20 kips) is 197. too stiff. 
The increase in initial stiffness due to composite action was 
46% for CA-1 and 50% for CA-2. 
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9.  SUMMARY AND CONCLUSIONS 
Tests of two composite assemblages were performed to Investi- 
gate the behavior of composite steel-concrete frames under combined 
gravity and wind loads. The test variable was the slab type of the 
composite assemblages. A solid slab and a slab with formed steel deck 
were considered. Gravity loads were applied to the beams of the assem- 
blages and kept constant during testing. The lateral drift was gra- 
dually incremented to beyond ultimate load. 
The main concern of the composite assemblage tests was the ini- 
tial drift and the ultimate strength behavior. The experimental load- 
drift behavior of both assemblages could be closely predicted by an 
elastic-plastic analysis. The initial stiffness was obtained by a 
finite element analysis which included the effect of slab cracking, the 
flexibility of the shear connection and a gap at the leeward column 
flanges. The plastic moment capacity of the composite beam-to-column 
connection was determined by using a concrete stress of 1.3 f' in con- 
tact with the column flange. 
Based on the test results and on the drift analysis by the 
finite element method the following conclusions may be drawn: 
1) The load-drift behavior of the composite assemblages was essen- 
tially as predicted by an elastic-plastic analysis. The loca- 
tion and sequence of formation of the plastic hinges were as 
predicted. 
2) The plastic moment capacity of the composite beam-to-column con- 
nections under positive moment can be conservatively predicted 
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by using a concrete stress of 1.3 £' in contact with the column 
flange. 
3) Slab cracking and a gap at the column flange had the most im- 
portant influence on the initial drift behavior. The effect of 
the flexibility of the shear connection was comparable small as 
long as the shear connection is designed for full composite 
action. 
4) A remarkably good drift prediction was obtained by the effec- 
tive width method. The distance between points of contraflex- 
ure rather than the span length should be used to calculate the 
effective width. 
5) The ultimate strength of the composite assemblage with a solid 
slab exceeded the ultimate strength of the steel assemblage by 
about 70%. The ultimate strength of the composite assemblage 
with a slab on formed steel deck exceeded the ultimate strength 
of the steel assemblage by about 50%. 
6) Both assemblages showed an increase in Initial stiffness due to 
composite action of about 507.. 
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10. RECOMMENDATIONS FOR FURTHER RESEARCH 
Only composite assemblages with symmetrical slabs were con- 
sidered in the theoretical and experimental part of this study. The 
drift and ultimate strength behavior of assemblages with a one-sided 
slab, as they are found in exterior frames of buildings, should be 
included in a future study. 
Composite assemblage CA-2 had a formed steel deck slab with 
transverse ribs. To include formed steel deck slabs with longitudinal 
ribs requires additional study. 
Both assemblages were designed for full composite action. The 
effect of a partial shear connection was included in the drift analy- 
sis. The ultimate strength analysis should be extended to include 
partial shear connection. 
In the assemblage tests the lateral load was applied directly 
to the steel columns.  In actual frames and in particular if the frame 
acts together with a shear core or shear walls a part of the lateral 
load is applied through the slab. This problem requires a three- 
dimensional analysis of composite frames with eventually additional 
tests. 
Only the static behavior of composite assemblages was studied 
in this investigation. An extension to dynamic behavior is important 
from an earthquake point of view.  It would require a test program 
with cyclic loading. 
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11. NOMENCLATURE 
A - area of the longitudinal reinforcement 
A ■ area of the steel beam 8 
B * column flange width 
E « modulus of elasticity of steel 
E « modulus of elasticity of concrete 
H « lateral load 
I -- ■ effective moment of inertia of a composite section 
X m  moment of inertia of the steel beam 
s 
I = moment of inertia of the transformed composite section 
K * initial shear stiffness of a shear connector 
c 
M = moment 
M -  plastic moment 
P 
P = vertical load 
S £ = first order lateral stiffness 
S = second order lateral stiffness 8 
V. = total shear to be resisted for full composite action 
V ' » total allowable shear of shear connectors h 
a = area of shear connector 
c 
d = depth of steel beam 
f ' = unconfined compressive strength of concrete 
f = yield stress of steel beam 
y 
f = yield stress of reinforcement yr 
h = rib height of formed steel deck,story height 
4, = span length 
JL s distance between points of contraf lexure 
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^_    s     t    - slab thickness 
x     - thickness of compression zone in the slab 
A     » lateral deflection (drift) 
0     ■» reinforcement ratio 
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12.     TABLES 
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CA-1 CA-2 
Height 3.05 m (120 in) 3.05 m (120 ia) 
Bay width 4.57 m (180 in) 4.57 m (180 in) 
Exterior columns W8x28 W8x28 
Center column W8x48 W8x48 
Beams Wl0xl9 W10xl9 
Slab type solid slab on formed metal deck 
Slab width 2.03 m (80 in) 2.03 m (80 in) 
Slab thickness 89 mm (3^ in) 102 mm (4 in) 
Longitudinal 
reinforcement: 
top #3 @ 210 mm (8% in) #3 @ 210 mm (8% in) 
bottom #3 @ 210 mm (8% in) 
Transverse 
reinforcement: 
top #3 @ 152 mm (6 in) #3 @ 152 mm (6 in) 
bottom #3 @ 305 mm (12 in) 
Stud connectors 64x16 mm (2%x5/8 in) 76x19 mm (3x3/4 in) 
Connector spacing 152 mm (6 in) 152 mm (6 in) 
1 






MPa   (ksi) 
Ultimate 
Stress 
MPa   (ksi) 
Elongation 
203 mm (8 in) 
Modulus of 
Elasticity 
GPa   (ksi) 
Flange 1 265 (38.5) 430 (62.4) 30.0% 199 (28900) 
Flange 2 240 (34.8) 408 (59.2) 28.87. 207 (30000) 
Flange 3 254 (36.9) 430 (62.3) 29.0% 196 (28400) 
Flange 4 261 (37.8) 426 (61.8) 29.6% 194 (28200) 
Average F 255 (37.0) 423 (61.4) 29.4% 199 (28900) 
Web 1 308 (44.6) 453 (65.7) 25.4% 204 (29600) 
Web 2 287 (41.6) 435 (63.1) 31.5% 201 (29200) 
Web 3 303 (44.0) 448 (65.0) 24.8% 201 (29200) 
Average W 299 (43.4) 445 (64.6) 27.2% 202 (29300) 











































































































MPa   (ksi) 
Ultimate 
Stress 
MPa   (ksi) Elongation 
Modulus of 
Elasticity 
GPa   (ksi) 
#3 336  (48.8) 504  (73.2) 15% 192  (27900) 






MPa   (osi) 
Splitting 
Tensile Strength 
MPa   (osi) 
Modulus of 
Elasticity 
GPa   flwO 











Average 20.5  (2970) 21.4 (3110) 
28 days MR1 19.6  (2850) 
MR2 18.4 (2670) 
• Average 19.0 (2760) 20.6 (2990) 
28 days MR3 
MR4 
Average 
2.19  (318) 
2.47  (358) 
2.33  (338) 
TF « Test Floor Curing 
MR = Moist Room Curing 












GPa  (ksi) 










Average 20.7 (3000) 21.5  (3120) 




Average 20.7 (3010) 21.5 (3120) 






TF = Test Floor Curing 
MR - Moist Room Curing 











Drift A for a Lateral 
Load of 100 ktt 
(22.5 kipa) 
CA-1      CA-2 
ncn (In.)   mm (in.) 
1 No Rigid No 72.4(.285) 71.6(.282) 
2 No Flexible No 78.2(.308) 76.1(.299) 
3 Yes Rigid No 86.0(.338) 86.9(.342) 
4 Yes Flexible No 88.9(.350) 88.6(.349) 
5 Yes Flexible,Double Conn.Spacing No 91.3(.359) 90.2(.355) 
6 Yes Flexible Yes 102.3(.403) 101.9(.401) 









Flexible Shear Connection 3 and 4 37. 2% 
Doubling of Conn. Spacing 4 and 5 3% 2% 
Slab Cracking 2 and 4 14% 17% 
Gap at Leeward Column Flanges 4 and 6 15% 15% 
Table 8: Effect of Several Parameters on Initial Drift 
Behavior of CA-1 and CA-2 
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Drift A for a 
of 100 kN 
CA-1 




mm  (In.) 
Beff * l/A - 1,1A m (45 ln,) 88.8 (.350) 85.7 (.337) 
Beff * *e^4 - 0.80 m (31.5 la.) 91.7 (.361) 89.1 (.351) 
% Difference 3.3% 4% 
Finite Element Analysis 4 88.9 (.350) 88.6 (.349) 
% Difference with B ., « 1.14 m 
eff 
(45 in.) 0.1% 3.3% 
% Difference with B ff - 0.80 in 
(31.5 in.) 3.1% 0.6% 

























































Table 11 Ultimate Moments at Plastic Hinge Locations 
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CA-1 
Drift A for Lateral Load 
Step 
0-45 kN (0-10 kips) 45-90 kN (10-20 kips) 
mm     (in.)      mm      (in.) 
Experiment 5.26 (.207) 4.14     (.163) 
Prediction without gap 
at col. flange 4.02     (.158) 
Prediction with gap 
at col. flange 4.61 (.182^ 
% Difference 12% 3% 
Table 12:  Initial Drift Behavior of CA-1 
CA-2 
Drift A for 1 
St< 
0-45 kN (0-10 kips) 
mm     (in.) 
Lateral Load 
ap 
45-90 kN (10-20 kips) 
mm      (in.) 
Experiment 4.22    (.166) 4.93     (.194) 
Prediction without gap 
at col. flange 4.00    (.158) 4.00     (.158) 
% Difference 5% 19% 
Table 13:  Initial Drift Behavior of CA-2 
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Top and Bottom 
64 x 16 Conn. 
<2te)  (Ve) 
WI0xl9 A36 
it 2o 
Dimensions in mm 
Dim. In () in Inches 
Fig. 3 Section of Beam CA-1 
^ Si • 
IT 












38(l'/2) Steel Deck 
22 Gage 
Ml  ^S. 
76 x 19 Conn. 
(3)     &4) 
WI0xl9 A36 
Dimensions in mm 
Dim. in () in inches 
Fig.  4    Section of Beam CA-2 
J 60 
Bc*206(8lfe)   Center Column 












Steel Deck (Inland Ryerson 
Type S, 22 gage) 
-Concrete Slab 
Steel Beam 
Leeward Column Flange Dimensions in mm 
Dim. in () in Inches 
Fig. 5 Plan and Elevation View of Leeward Beam-to-'-Column 
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Fig. 9 Moment Diagrams at the Predicted Ultimate Load 












































i*    'i 
Fig. 11 Schematic Section View of Test Setup 
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Fig. 12 Steel Frame of CA-2 Ready for Welding 















Dimensions in mm 
Dim. in () in inches 
Fig. 14 Test Setup of Beam Test 
10  20  30  40  50  60  70 
CENTER DEFLECTION, mm (in) 
Fig. 15 Load-Deflection Curves of Beam Test 
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Fig. 17 View of West End of CA-2 Showing Scales for Deflection 
Readings and Column Bracing (Ref. 11) 
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Fig. 20 Instrumentation of the Slab 
i> 
Fig. 21 Instrumentation of the Reinforcement of CA-2 
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Fig. 22 Overall View of the Test Setup 
Fig. 23 Overall View of the Test Setup 
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Fig. 24 View of Gravity Load Simulator During Test (Ref. 11) 
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Fig.  26    Lateral Load vs.  Drift Behavior of Steel Assemblage CA-2 
(Behavior of CA-1 Assumed to be Identical) 
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Hmax* 193 kN (43.4k) 
Hmax=l72kN (38.7k) 
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Fig. 29 Failure Surface on Leeward Side of West 
Column of CA-1 
Fig. 
Q 
30 Failure Surface on Leeward Side of Center 
Column of CA-1 
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o 
Fig. 31 Slab Cracking on Windward Side of Center 
Column of CA-1 
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o KJ 
Fig. 32 Extent of Yielding at Plastic Hinge Location 1 
of CA-1 
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Fig. 34 Load-Drift Behavior of CA-2 
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Fig.   37    View of CA-2 After Testing 
0 
[j 
Fig. 38 Failure Surface on Leeward Side of West 
Column of CA-2 
85 
> 
Fig. 39 Failure Surface on Leeward Side of Center 
Column of CA-2 
j| 
Fig. 40 Slab Cracking on Windward Side of Center 
Column of CA-2 
86 
D 
Fig. 41 Extent of Yielding at the Center Column of CA-2 
'*&»■- 
Fig. 42 Extent of Yielding at the West Column of CA-2 
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Fig. 49 Load-Deflection Curves of Beam 1C1 In Working Load 
Range (Ref. 10) 
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Fig. 51 Bending Moment Diagram Under Combined Gravity and Wind Load 
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A) Neutral Axis in 
Steel Beam 
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Fig. 52 Maximum Stress Field in Composite Beam Under Positive Moment 
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Fig. 53 Maximum Stress Field In Composite Beam 
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Fig. 54 Maximum Stress Field at Exterior Column for Solid Slab 
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Fig. 56 Maximum Slab Forces at Interior Column 
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Fig. 57 Maximum Stress Field at Interior Column for Solid Slab 
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Fig. 58 Experimental Moments at Plastic Hinge Locations of CA-1 
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Fig. 59 Experimental Moments at*Plastic Hinge Locations of CA-2 
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